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Introduction {#sec001}
============

Pain study is becoming more and more preeminent because of the large epidemiology and the complexity of both the diagnosis and therapy \[[@pone.0151386.ref001]\]. Research in this field is still really difficult, because of the lack of economical and appropriate animal models in large scale \[[@pone.0151386.ref002], [@pone.0151386.ref003]\]. Exploiting non-standard animal models could have the potential to provide interesting insights into molecular mechanisms of nociception leading to pain-like behaviour.

In the last few years, we have been enormously interested in deepening down the evolutionary tree to find new simple animal models in order to highlight the basic nociceptive pathway \[[@pone.0151386.ref004], [@pone.0151386.ref005]\]. In particular, we had evidence of similar post-burn neuropathic pain in *Danio rerio*, commonly known as zebrafish \[[@pone.0151386.ref006]\].

This finding has encouraged us to examine the presence of conserved molecular pathways underlying nociception at the primordial level of the animal kingdom. The freshwater polyp *Hydra vulgaris* is an elementary organism belonging to the phylum of Cnidarian, class Hydrozoa, characterized by a saccular body structure composed by an apical (head) and a basal (foot) end \[[@pone.0151386.ref007]\]. The nervous system is extremely simple, consisting of few sensory neurons along a nerve net, through all the body \[[@pone.0151386.ref008]\]. Interestingly, a phylogenetical analysis of *Hydra* genome has demonstrated the existence of Transient Receptor Potential (TRP) channels, consisting on detectors and transducers ion channels \[[@pone.0151386.ref009]\]. In mammals, these Ca^2+^ permeable non-selective cation receptors mediate multiple noxious stimuli and physiologically elicit somatosensory responses to the environment \[[@pone.0151386.ref010]\]. In *Hydra*, at least 34 TRP channels have been identified, consisting in all the subfamily members, except for the vanilloid subfamily (TRPV), and five uncharacterized receptors \[[@pone.0151386.ref009]\].

Newly emerging evidence implicates the involvement of TRP channels, especially those of the melastatin subfamily (TRPM), in neuronal excitotoxicity processes via induction of nitro/oxidative stress \[[@pone.0151386.ref011]\]. In particular, nitric oxide (NO), superoxide anion (SO) and the potent nitro/oxidating agent peroxynitrite (PN) produced after N-methyl-D-aspartate receptor (NMDAR) activation, in turn activate TRPM channels resulting in Ca^2+^ influx and production of oxygen and nitrogen radicals \[[@pone.0151386.ref011]\]. This event leads to a vicious circle able to maintain high levels of PN that in turn maintains the nociceptive signalling \[[@pone.0151386.ref012], [@pone.0151386.ref013]\].

Earlier studies reported the critical role of oxidative stress during the development and maintenance of pain of several aetiologies, such as inflammatory central sensitization, hyperalgesia, chemotherapy-induced peripheral neuropathy (CIPN) and tolerance to morphine \[[@pone.0151386.ref012]--[@pone.0151386.ref014]\]. According to these data, we hypothesized that TRPs-related oxidative stress pathway could be a common defence *via* evolutionarily conserved from primitive organisms to human. Therefore, our aim was to evaluate the presence and the role of TRPM3-nociceptive/oxidative stress-like pathways in *H*. *vulgaris* following a thermal stimulus. Considering their over-expression after heat painful stimuli mediated by TRPs activation in mammals \[[@pone.0151386.ref015]--[@pone.0151386.ref019]\], we analyzed the expression of heat shock protein 70 (HSP70) and the nitric oxide synthase (NOS) genes. In addition, focusing on the emerging evidences showing the involvement of TRPs melastatin subfamily in oxidative stress pathway \[[@pone.0151386.ref011], [@pone.0151386.ref020]\], we chose the nuclear transcription erythroid 2-related factor (Nrf2), a known master regulator of the oxidative stress pathway \[[@pone.0151386.ref021], [@pone.0151386.ref022]\], and the superoxide dismutase (SOD), an Nrf2-depending enzyme \[[@pone.0151386.ref023]\].

Materials and Methods {#sec002}
=====================

Hydrae Husbandry {#sec003}
----------------

*Hydra vulgaris* Zurich strain was maintained in a 16h/8h light/dark cycle at 17°C in Hydra medium (1 mM calcium chloride, 0.1 mM sodium hydrogen carbonate, pH7) and fed once a week with Artemia nauplii, following standard husbandry protocols \[[@pone.0151386.ref024]\]. Budless polyps were selected for *in vivo* experiments and handled according to the guidelines of Roma3 University. Every effort was made to minimize the number of Hydrae used.

Heat Shock (HS) Test {#sec004}
--------------------

Animals were moved, with a specific net, from 17°C to 34°C Hydra medium beakers, for 1 minute, then placed again at 17°C and recovered in the incubator. Groups of 10 heated specimens were collected at specific time points after the heat shock (0, 0.5, 1.5, and 24 h). T = 0 was considered as a control. Animals were continuously monitored using an optical microscope, in order to reveal behavioural changes. For each time point, 10 specimens were processed for RNA extraction.

Morphological and Behavioural Analysis {#sec005}
--------------------------------------

Polyp morphology and integrity was observed at optical microscopy, using a 32X magnification objective, before and after the HS test. Animals were collected in Petri dishes in Hydra medium and after a weak mechanical solicitation (needle) substrate adhesion, tentacles and body reactivity were analyzed as behavioural variables. All experiments were conducted with the experimenters blinded to treatment conditions.

Treatment of *H*. *vulgaris* with Pregnenolone Sulfate and Mefenamic Acid {#sec006}
-------------------------------------------------------------------------

Currently, the most potent and selective available pharmacological tool to probe for biological roles of TRPM3 is the neuroactive steroid pregnenolone sulfate (PS), a selective agonist \[[@pone.0151386.ref025]\], and mefenamic acid (MFA), a selective and potent antagonist \[[@pone.0151386.ref026]\]. Animals were incubated with the PS (10 μM) and/or MFA (20 μM), up to 24h. PS and MFA right concentration for treatment was chosen after a dose-response test, based on scalar concentrations up to sublethal but efficient condition. According to our experimental observations, MFA needed 10 min of incubation before PS or HS treatment.

RNA Extraction and cDNA Synthesis {#sec007}
---------------------------------

Total RNA from *H*. *vulgaris* was extracted by using TRIzol^®^ Reagent (Life technologies Italia-Invitrogen, Monza, Italy). For each time point 10 hydrae were used. 1 μg of total RNA was reverse transcribed to cDNA by using GoTaq 2 Step RT qPCR System Protocol (Promega Italia Srl, Milan, Italy).

Real Time PCRs (qPCRs) {#sec008}
----------------------

PCR product quantification was calculated by applying SYBR-Green method. We used Master Mix from Promega. The primer pairs were chosen as described in [S1 Table](#pone.0151386.s002){ref-type="supplementary-material"}. Reactions were performed in Promega detection system, by using the following temperatures: pre-incubation 95°C, amplification at 95°C-60°C-72°C for 45 cycles, melting at 95°C-65°C-97°C, cooling at 37°C. Data are calculated relative to the internal housekeeping gene (β-actin).We applied the second derivative test, delta--delta Ct (2^-ΔΔCT^) method, choosing control samples to normalize our data.

Membrane Receptor Extraction {#sec009}
----------------------------

*Hydra* cultures were homogenized in an ice-cold buffer (0.32 M sucrose, 100 μM sodium orthovanadate, 0.02 M glycerophosphate and 1% protease inhibitor cocktail (Sigma, Milan, Italy)) with a 1:3 w/v ratio. The homogenates were centrifuged at 800 g for 10min at 4°C. The resulting pellets were re-homogenized and centrifuged as before. The supernatants were combined and centrifuged at 12500 g at 4°C, for 30 minutes, to obtain a new pellet that was resuspended in homogenization buffer. Protein concentration was determined using the Pierce^™^ Bicinchoninic Acid (BCA) Protein Assay Kit (Thermo Scientific, Milan, Italy). Samples were stored at −80°C and were used to determine TRPM3 expression by western blot.

Western Blot Analysis {#sec010}
---------------------

Samples were loaded in 7.5% SDS-PAGE minigels (Bio-Rad Laboratories, Mi, Italy). After separating by SDS/PAGE proteins were transferred electrophoretically to nitrocellulose membranes (Bio-Rad).

Ponceau red (Sigma) staining was used to ensure successful proteins transfer. Membrane was blocked (2 h, room temperature) with 1% Bovine Serum Albumin (BSA)/1X TBS/0.1% Tween-20. Membrane was incubated with rabbit polyclonal anti-TRPM3 antibody (O/N, 4°C, 1:100 dilution; Alomone Labs, Jerusalem, Israel). After washing with TBS/T, the membrane was incubated with anti-rabbit horseradish peroxidase-conjugated secondary antibody (1 h, room temperature, 1:20000 dilution; Amersham, GE Healthcare Europe, Mi, Italy) and the specific complex was detected by an enhanced chemiluminescence detection system (ECL, Amersham). Quantitation of protein levels was then performed by densitometry using Image Quant 5.2 software by Molecular Dynamics.

Immunofluorescence {#sec011}
------------------

Animals were relaxed and anaesthetized in 2% urethane for 2 minutes and then fixed in 4% paraformaldehyde for 24 hours at room temperature. After three washes with PBS, the animals were permeabilized with 0.1% Triton X-100 in PBS for 30 min, blocked with 1% BSA (w/v) in PBS for at least 20 min and incubated overnight at 4°C with TRPM3 (Alomone Labs) primary antibody diluted 1:200 in PBS/BSA0.1%. Several washes were followed by anti-rabbit antibody conjugated with FITC (Molecular Probes Alexa Fluor 488, Life Technologies Italia, Monza MB, Italy) incubation, diluted 1:200 for 1 hour. Excess antibody was removed by washing again. Sample were analyzed using confocal microscope (Leica TCS SP5) equipped with the software LAS AF version 1.6.3 (Leica Microsystems). Argon laser at 488 nm was activated for fluorochrome's excitation and to acquire DIC (Differential Interference Contrast) images. Emission bandwidth: 500nm--535nm.

Statistics {#sec012}
----------

We statistically analyzed mRNA expression level for each gene through three technical repeats from three biological replicates, n = 3 (3 triplicates for each gene in a single experiment, for a total of 3 experiments) with one-way ANOVA (and nonparametric) assay, followed by Bonferroni\'s Multiple Comparison Test. Data are expressed as mean fold change compared with control (0 h) ± SEM.

Results and Discussion {#sec013}
======================

One of the biggest challenge is, doubtless, to find common features and predictable molecular pathways across different noxious stimuli with a consistent need of new innovative experimental models. To this end, in the last few years, we focused our attention on zebrafish, by proposing a similar post-burn neuropathic pain test in order to show the over-expression of pain markers genes after extreme thermal noxious stimuli, as happens in mammals \[[@pone.0151386.ref004]--[@pone.0151386.ref006]\]. Here, we consider the freshwater polyp *H*. *vulgaris* as an original animal model to search for conserved molecular nociceptive-like pathways after thermal stimuli.

Firstly, we processed animals through a heat shock (HS) test, starting from the physiological temperature (17°C) and going on, by increasing 4°C for each observation. We found 34°C as extreme sublethal efficient temperature to set up our analysis. Thus, we verified morphological and behavioural variables of specimens at 34°C, by monitoring common responses to weak mechanical solicitation, consisting in immediate contraction of both tentacles and body. As shown in [Fig 1](#pone.0151386.g001){ref-type="fig"}, heat shocked polyps (1 minute at 34°C) showed time-dependent modifications after mechanical stimulation, by resulting in instant inability to contract body and tentacles as well as loss of adhesion to the substrate, followed by recovery of physiological attitude.

![Common responses to mechanical solicitations in untreated (17°C) and HS-treated (34°C) animals.\
a) untreated polyp without mechanical solicitations: open tentacles, elongated body and foot adhered to the substrate; b) untreated polyp after mechanical solicitation: contraction of body and tentacles; c) HS-treated polyp followed by mechanical solicitation: open tentacles, elongated body and lack of adhesion to the substrate; d) HS-treated polyp was placed at 17°C for 5 min before mechanical solicitations: partial recovery of functions (e.g., tentacles reactivity); e) HS-treated polyp was placed at 17°C for 10 min before mechanical solicitations: total recovery of functional features. The table shows physiological variables analyzed during the HS time points; + means responsiveness,---means loss of responsiveness. Te: tentacles; af: adhesive foot; co: column.](pone.0151386.g001){#pone.0151386.g001}

In recent years, evidence has been accumulated regarding a relevant role of TRP channels in thermosensation. TRPs family is an evolutionarily conserved group of cation channels, of which a subset (*i*.*e*., the thermoTRPs) is known as thermoreceptors from flies to humans. ThermoTRPs fall into four basic classes: warm receptors which respond to innocuous (moderate) warming, cool receptors to innocuous cooling, high-temperature receptors to noxious (damaging) heat, and low-temperature receptors to noxious cold \[[@pone.0151386.ref027]\]. In *Hydra*, all the TRP members have been described, except for the TRPV subfamily. An excellent candidate as a mediator of thermosensation in *Hydra* is TRPM3, a nociceptor channel involved in the detection of noxious heat \[[@pone.0151386.ref028]\]. In fact, TRPM3 has a fairly moderate temperature coefficient, where temperature-evoked current increases gradually at values \>15--17°C (*i*.*e*., the natural temperature in which *H*. *vulgaris* lives) \[[@pone.0151386.ref028]\].

To reveal and localize the TRPM3 protein in *H*. *vulgaris*, we applied both Western blot analysis and immunofluorescence staining, respectively. The specific interaction between primary anti-TRPM3 antibody and *Hydra* lysates gave a single band, thus evidencing the presence of a TRPM3-like protein in the freshwater coelenterate ([Fig 2A](#pone.0151386.g002){ref-type="fig"}). To localize TRPM3 in tissue, *Hydra* polyps were first anesthetized and then fixed with PFA, stained with the anti-TRPM3 antibody and examined in the confocal microscope. [Fig 2B](#pone.0151386.g002){ref-type="fig"} shows that the TRPM3-positive material was clearly extracellular and appeared mainly in tentacles and foot while the column was weakly stained.

![Identification, characterization and localization of *Hydra* TRPM3.\
(A) Expression of TRPM3 protein in whole body of *H*. *vulgaris*. Western blot is representative of six independent experiments. (B) Immunofluorescence of Hydra whole mounts with the anti-TRPM3 antibody. Signals for TRPM3 are clearly extracellular and appear mainly in tentacles and foot. Specimens were examined in the confocal microscope. Scale bars, 100 μm.](pone.0151386.g002){#pone.0151386.g002}

All of the ancient metazoan TRP channels may have important physiological roles in sensory perception, since they are known to respond to external environment. For example, animals use their thermosensory systems to achieve optimal temperatures for growth and reproduction and to avoid damaging thermal extremes. Recent papers shed light onto the diversity of thermosensory adaptations throughout evolution, including changes in properties of TRP family (for a recent review see \[[@pone.0151386.ref029]\]).

We focused our efforts on the studying TRPM3 but the possible involvement of other TRP members in thermosensation cannot be excluded at the moment. In mammals, for example, TRPM3 is strictly linked to TRPV1 that is activated at temperatures \>42°C (a lethal temperature for *Hydra*). Interestingly, *Hydra* lacks TRPV channels although a novel TRP subfamily member (TRPVL) has been described. TRPVL shares common structural features with TRPV, suggesting that these two channels may have similar functions \[[@pone.0151386.ref009]\]. In mammals, TRPM3 is structurally and functionally linked also to TRPM1 \[[@pone.0151386.ref030]\]. In this respect, TRPM1 and TRPM3 proteins have been demonstrated to form functional heteromultimeric channels \[[@pone.0151386.ref030]\]. In particular, TRPM1 participates in the formation of the pore and thereby alters the properties of these channels \[[@pone.0151386.ref030]\] and the pregnenolone sulfate (PS), the most potent known activator of TRPM3, is also able to activate TRPM1 \[[@pone.0151386.ref031]\].

Understanding the TRP features in the context of the life histories and habitats of cnidarians would be of great interest to demonstrate the importance of a nociceptive-like system in low invertebrates.

In mammals, noxious thermal stimuli are followed by the activation and the over-expression of several marker genes, including HSP70 \[[@pone.0151386.ref015]\]. Moreover, the cellular heat shock response (*e*.*g*., HSP70 activation) induced by heat painful stimuli in mammalian epithelial cells has been associated with TRPs \[[@pone.0151386.ref015]\]. Note that HSP70 has been also cloned and functionally analyzed in different hydra species \[[@pone.0151386.ref032]--[@pone.0151386.ref035]\] and we confirmed that heat shock (HS) at 34°C for 1 minute increased HSP70 gene expression in *H*. *vulgaris*, the peak being observed after 1.5 h (see [S1 Fig](#pone.0151386.s001){ref-type="supplementary-material"}). To investigate the TRPM3 involvement in the HS-induced HSP70 expression in *H*. *vulgaris*, the TRPM3 selective antagonist mefenamic acid (MFA, 20 μM) has been used. In particular, we compared HSP70 mRNA modulation after HS (1.5 h) in two distinct groups of specimens: 1) HS and 2) MFA-preincubated HS polyps. We considered polyps at T = 0 as a control. Real time PCRs showed HSP70 \~2.5 folds of activation, as expected, in HS group (p≤0.01) and a reduction of expression, close to the control, in the second group treated with MFA (p≤0.05) ([Fig 3A](#pone.0151386.g003){ref-type="fig"}). To confirm TRPM3 involvement in the thermal noxious pathway, the specific agonist of the receptor, pregnenolone sulfate, has been employed \[[@pone.0151386.ref031]\]. In particular, it has been shown that PS-induced activation of TRPM3 evokes pain like behaviour in mice \[[@pone.0151386.ref028]\]. We incubated polyps with PS (10 μM) and collected animals at specific time points (0.5, 1.5, 24 h, and used T = 0 as a control) for molecular analysis. According to the HS results, HSP70 mRNA higher expression has been detected at 1.5 h in the PS treated polyps (\~2 folds; p≤ 0.01) ([Fig 3B](#pone.0151386.g003){ref-type="fig"}). At the same time point, we repeated the test after PS and MFA pre-incubation, to validate TRPM3 implication in the process. Real time data showed loss of HSP70 mRNA modulation after PS-MFA co-treatment (p≤0.05) ([Fig 3C](#pone.0151386.g003){ref-type="fig"}).

![Role of TRPM3 on HSP70 mRNA expression in *H*. *vulgaris*.\
(A) A pretreatment for 10 min with the TRPM3 antagonist mefenamic acid (MFA; 20 μM) inhibits HSP70 gene expression induced by heat shock (HS; 34°C). (B) TRPM3 agonist pregnenolone sulfate (PS; 10 μM) increase HSP70 gene expression, the peak being observed after 1.5 h. (C) MFA (20 μM) inhibits HSP70 gene expression induced by PS (10 μM). Data are calculated relative to the internal housekeeping gene (β-actin) and are expressed as mean fold change compared with control (T = 0) ± SEM (n = 9). (A) \* p≤0.01 vs CTRL and \^\^ p≤0.05 vs HS; (B) \* p≤0.01 vs 0; (C) \* p≤0.01 vs CTRL and \^\^ p≤0.05 vs PS.](pone.0151386.g003){#pone.0151386.g003}

In the last years, the activation of the TRP channels has been correlated with nitro-oxidative stress in mammalian nervous system. TRPA1, for example, is sensitive for large series of reactive products of oxidative and nitrative stress in models of different types of pain, including inflammatory, neuropathic pain and migraine \[[@pone.0151386.ref036]\]. In mammals, considerable evidence correlated oxidative stress to pathologic pain, determining nitro-oxidative species (e.g., NO, SO, PN) as a group of molecules capable of oxidative, nitrosative, and nitrative activities implicated in persistent pain states \[[@pone.0151386.ref011]--[@pone.0151386.ref014]\]. Constant nociceptive stimulation activates the SO-generating enzyme NADPH (nicotinamide adenine dinucleotide phosphate) oxidase and the NO-producing NOS. The interaction between SO and NO leads to the production of PN that acts as a potent pro-inflammatory nitro-oxidative species and a critical signaling molecule in the development of peripheral and central sensitization associated with pain of several etiologies \[[@pone.0151386.ref014]\].

The presence of NO pathway has been well demonstrated in Cnidaria, including *H*. *vulgaris* \[[@pone.0151386.ref037]\]. Our precedent studies have shown a NO involvement both in the feeding response \[[@pone.0151386.ref038]\] and in the regeneration processes of the head \[[@pone.0151386.ref039]\]. We have also demonstrated the presence of a calcium-dependent but calmodulin-independent NOS isoform \[[@pone.0151386.ref040]\]. Moreover, there is an existing body of literature characterizing the induction of NO pathway by heat stress in several cnidarian species. However, only host cells of symbiotic cnidarians (with the intracellular Dinoflagellate) produce *in hospite* NO during thermal stress \[[@pone.0151386.ref041]\]. NO produced during exposure to elevated temperature mediates a process known as cnidarian bleaching \[[@pone.0151386.ref042], [@pone.0151386.ref043]\], through a caspase-mediated pathway \[[@pone.0151386.ref044]\]. However, nothing is still known about NOS modulation neither by heat stress nor by TRP activation in an asymbiotic cnidarian (e.g. *Hydra*).

Thus, we decided to test TRPM3 involvement in thermal noxious-like pathways in *H*. *vulgaris*, by analysing NOS mRNA over-expression after the HS (34°C, 1 min) at specific time points (0.5, 1.5, and 24 h, and used T = 0 as a control). We observed that the exposure of specimens to HS caused a marked increase of NOS gene expression at 24 h (\~2.5 folds; p≤0.01) ([Fig 4A](#pone.0151386.g004){ref-type="fig"}). This effect was inhibited by MFA (20 μM) (p≤0.01) ([Fig 4B](#pone.0151386.g004){ref-type="fig"}), demonstrating a role of TRPM3 in this process. Again, to confirm TRPM3 recruitment, we used the specific receptor agonist PS (10 μM). When polyps were incubated with PS, an increase of NOS gene expression at 24 h was observed (p≤0.01) ([Fig 4C](#pone.0151386.g004){ref-type="fig"}), an effect being inhibited following MFA pre-incubation (p≤0.01) ([Fig 4D](#pone.0151386.g004){ref-type="fig"}) comparable to what observed with HS treatment. Through our experimental model, here we observed that thermal TRPM3 modulation contribute to NOS mRNA expression, thus resembling a nociceptive-like response. However, a direct effect of temperature on the catalytic activity of NOSs cannot be excluded \[[@pone.0151386.ref045]\].

![Effect of heat shock (HS; 34°C) and pregnenolone sulfate (PS; 10 μM) on NOS gene expression in *H*. *vulgaris*.\
HS (A) and PS (C) induce an increase of NOS mRNA expression with a maximal effect at 24 h. When animals are pretreated with mefenamic acid (MFA; 20 μM), NOS expression induced by HS (B) or PS (D) is abolished. Data are calculated relative to the internal housekeeping gene (β-actin) and are expressed as mean fold change compared with control (T = 0) ± SEM (n = 9). (A) \* p≤0.01 vs 0; (B) \* p≤0.01 vs CTRL and \*\* p≤0.01 vs HS; (C) \* p≤0.01 vs 0; (D) \* p≤0.01 vs CTRL and \*\* p≤0.01 vs PS.](pone.0151386.g004){#pone.0151386.g004}

Previously, SOD has been used as molecular biomarkers for assessing oxidative stress in *H*. *vulgaris*. Evidence exists that SOD is one of the major enzymes responsible for counteracting oxidative stress associated with toxaphene exposure in *H*. *magnipapillata* \[[@pone.0151386.ref046]\]. Furthermore, it has been reported that the expression patterns of the MnSOD and CuZnSOD mRNA were induced after stressor exposure, including heat treatment \[[@pone.0151386.ref023]\]. SOD activity and/or expression can be induced in corals by elevated temperatures and ultraviolet (UV) radiation, and these levels have been used as stress biomarkers in corals \[[@pone.0151386.ref047]\].

Here, we analyzed the involvement of TRPM3 activation in CuZnSOD mRNA expression induced by HS and PS treatment in *H*. *vulgaris*. In particular, the exposure of polyps to HS increased SOD mRNA expression at 24 h with \~8 folds of change (p≤0.01) ([Fig 5A](#pone.0151386.g005){ref-type="fig"}) and this effect was abolished by 20 μM MFA (p≤0.05) ([Fig 5B](#pone.0151386.g005){ref-type="fig"}), thereby suggesting that TRPM3 mediated HS-induced SOD expression. When polyps were incubated with 10 μM PS, a time-dependent increase of SOD gene expression at 24 h was observed with \~2.5 folds of change (p≤0.05) ([Fig 5C](#pone.0151386.g005){ref-type="fig"}) and this effect was inhibited by 20 μM MFA (p≤0.05), thus confirming an involvement of TRPM3 in these mechanisms ([Fig 5D](#pone.0151386.g005){ref-type="fig"}).

![Effect of heat shock (HS; 34°C) and pregnenolone sulfate (PS; 10 μM) on HyCuZnSOD mRNA expression in *H*. *vulgaris*.\
Both HS (A) and TRPM3 agonist PS (C) induce an increase of SOD mRNA level, the maximal peak being observed after 24 h. A pretreatment with the TRPM3 antagonist mefenamic acid (MFA; 20 μM) inhibits the effect relative to HS (B) or PS (D). Data are calculated relative to the internal housekeeping gene (β-actin) and are expressed as mean fold change compared with control (0 h) ± SEM (n = 9). (A) \* p≤0.01 vs 0; (B) \^ p≤0.05 vs CTRL and \^\^ p≤0.05 vs HS; (C) \^ p≤0.05 vs 0; (D) \^ p≤0.05 vs CTRL and \^\^ p≤0.05 vs PS.](pone.0151386.g005){#pone.0151386.g005}

During the oxidative stress response in vertebrates, a major regulator of detoxifying/antioxidant enzymes (e.g. SOD) is the nuclear factor erythroid 2 related factor 2 (Nrf2), which migrates to the nucleus where it acts as a transcription factor. New data reported Nrf2 activation due to a heat treatment in mice \[[@pone.0151386.ref048]\]. A noxious injury-induced transcriptomic analysis showed a transient up-regulation of Nrf2 gene in *Hydra* \[[@pone.0151386.ref049]\].

In this respect, we detected Nrf2 modulation at specific time points (0.5, 1.5, and 24 h, and used T = 0 as a control) through HS test. During HS test, Nrf2 mRNA expression increased, reaching the higher point of expression at 1.5 h, with \~2.5 folds of change (p≤0.01) ([Fig 6A](#pone.0151386.g006){ref-type="fig"}). We demonstrated TRPM3 involvement by monitoring the inhibition of Nrf2 transcription by using 20 μM MFA (p≤0.05) ([Fig 6B](#pone.0151386.g006){ref-type="fig"}). We went on in confirming TRPM3 role in the process, by treating polyps with PS (10 μM) and by finding increased Nrf2 mRNA expression \~1.7 folds of change at 1.5 h (p≤0.01) ([Fig 6C](#pone.0151386.g006){ref-type="fig"}) and decreased Nrf2 transcription after PS/MFA treatment (p≤0.01) ([Fig 6D](#pone.0151386.g006){ref-type="fig"}). Taken together, our findings are consistent with the emerging evidences showing the involvement of TRPs, especially those of the melastatin subfamily, in the oxidative stress pathway during noxious stimuli. During the last decade, specific attention has been given to the TRPs family as a crucial mechanism for the transition from acute to chronic pain condition and as the primary transducing pathway by which nitro-oxidative stress could contribute to acute nociception, allodynia, and hyperalgesia. In particular, there is evidence that reactive oxygen and nitrogen species are responsible for the activation of nociceptors TRP channels resulting in Ca^2+^ influx. These events cause e positive feedback, in fact, NO can regulate TRPs directly via Cys *S*-nitrosylation or indirectly via cyclic GMP/protein kinase G-dependent phosphorylation \[[@pone.0151386.ref018]\].

![Action of heat shock (HS; 34°C) and pregnenolone sulfate (PS; 10 μM) on Nrf2 mRNA expression in *H*. *vulgaris*.\
HS (A) and the TRPM3 agonist PS (C) time-dependently induce Nrf2 with a peak observed after 1.5 h. A pretreatment for 10 min with the TRPM3 antagonist mefenamic acid (MFA; 20 μM) inhibits the effect relative to both HS (B) and PS (D). Data are calculated relative to the internal housekeeping gene (β-actin) and are expressed as mean fold change compared with control (0 h) ± SEM (n = 9). (A) \* p≤0.01 vs 0 and \^ p≤0.05 vs 0; (B) \* p≤0.01 vs CTRL and \^\^ p≤0.05 vs HS; (C) \* p≤0.01 vs 0 and \^ p≤0.05 vs 0; (D) \* p≤0.01 vs CTRL and \*\* p≤0.01 vs PS.](pone.0151386.g006){#pone.0151386.g006}

Conclusions {#sec014}
===========

As a whole, we found that the exposition of *H*. *vulgaris* to heat induces the expression of HSP70 and NOS, two genes induced by TRP-mediated heat noxious stimuli in mammals \[[@pone.0151386.ref015], [@pone.0151386.ref018]\] as well as Nrf2 and SOD, known as markers of the oxidative stress during pain conditions \[[@pone.0151386.ref021], [@pone.0151386.ref050]\]. It appears that both of the effects are mediated by the modulation of TRPM3, a receptor involved in the detection of noxious heat also in mammals, thus suggesting a nociceptive-like response at the primordial level of the animal kingdom that involves the nitro-oxidative pathway. However, whether and how the proposed mechanisms can cause nociception in *H*. *vulgaris* remains to be further investigated.

The presence of TRPs and its modulation, showed here, are intriguing and revolutionary data demonstrating the importance of a nociceptive-like system in low invertebrates.

Supporting Information {#sec015}
======================

###### Effect of heat shock (HS; 34°C) on HSP70 mRNA expression in *H*. *vulgaris*.

HSP70 mRNA transcription after thermal stimulation was quantitatively analysed by comparing it to actin expression, as housekeeping gene. We tested up to 3 time points (expressed hours after test): 0.5, 1.5, and 24 h, and used T = 0 as a control. After 0.5 h post-treatment, HSP70 mRNA quantity increased \~2 folds, compared to the control (p≤0.05) and reached its maximum values of \~2.5 folds after 1.5 h (p≤0.01), and it comes back to a physiological level at 24 h. \* p≤0.01 vs 0 and \^ p≤0.05 vs 0.

(PDF)

###### 

Click here for additional data file.

###### Sequences of primers used for RT-PCR and real-time quantitative PCR to quantify levels of H. vulgaris transcripts that encode proteins involved in the nociceptive-like response.

(PDF)

###### 

Click here for additional data file.
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